Technological advancements in the life sciences are continually pressing forward despite frequent and vocal resistance. Examples of such advancements include reproductive technologies, genetics, stem cell research, nanotechnology, and now synthetic biology. In May 2010, the J. Craig Venter Institute, a multidisciplinary scientific organization led by one of the first scientists to sequence the human genome, announced in the journal Science the creation of the first synthetic cell-a manmade, single-celled organism with the ability to self-replicate. While hailed as a monumental step forward for science, the response from opponents was swift: stop the science from going forward, keep the products off the market, and protect society from the inherent and unknown risks.
I. INTRODUCTION
Technological advancements in the life sciences are continually pressing forward despite frequent and vocal resistance. Examples of such advancements include reproductive technologies, genetics, stem cell research, nanotechnology, and now synthetic biology. The deliberative pattern tends to be similar as the science and the technology unfold: How does it work? How does it differ from previous technologies? What benefits does it add to humanity? What are the impacts on the environment, public health, and society? Is it safe? Are there risks? What are they? Who decides? Are we prepared to regulate it properly?
One unremitting question facing the research and eventual introduction of these advancements in the life sciences is the role of federal regulatory agencies to oversee them. Largely led by consumer interest groups and non-profit organizations, federal regulatory agencies have recently been faced with a barrage of citizens' petitions and litigation claiming, among other things, that their failure to properly regulate the products resulting from these breakthroughs violates their mandate from Congress to protect the public health and welfare. Such attacks are commonplace, and recent examples convincingly lay the landscape. In April 2012, the Supreme Court vacated and remanded a high profile Federal Circuit case regarding the U.S. Patent and Trademark Office's stance on the patentability of the genetic sequence that identifies a predisposition to breast and ovarian cancer. 1 In addition, a lawsuit filed in December 2011 demands that the Food and Drug Administration (FDA) issue specific regulations in order to oversee sunscreen products containing nanoscale zinc oxide and titanium oxide. 2 Stem cell research also remains a controversial topic, as the Obama Administration has been challenged for loosening policies over federal funding for embryonic stem cell research from agencies such as the National Institutes of Health. 3 Enter synthetic biology, a discipline that merges chemistry and biology with engineering in a way that makes many people uncomfortable because it targets the underlying stuff that makes up life itself. Synthetic biology utilizes synthetic biological "parts" to build cells and even entire organisms that can either mimic what occurs in nature or be programmed with wholly novel characteristics. Dr. Drew Endy, a prominent figure in the synthetic biology realm, describes synthetic biology as taking the core materials from just four bottles-the A, T, G, and C that constitute the genetic make-up all life forms-and essentially "re-writing" biology. 4 When the J. Craig Venter Institute (JCVI) announced the creation of the first synthetic cell with the aid of synthetic biology 5 -a man-made, single-celled organism with the ability to reproduce using a fully synthetic genome-the public reaction was swift. It was simultaneously hailed as both a tremendous discovery with myriad applications that could benefit mankind and a perversion of nature promising to bring the demise of the entire human race.
Recognizing that there are measurable and important differences among advancements in the life sciences in terms of the touchstone riskbenefit analysis, this article will examine a promising area of synthetic biology research and development to assess the application and performance of the FDA regulatory framework. Microbes modified using synthetic biology techniques have been identified in medical and scientific literature as particularly useful for rapid development and availability of innovative drugs for human and animal use. Proceeding in four parts, this article will examine three product areas: human drugs, animal drugs, and cosmetics.
7 Part II will provide a general overview of FDA oversight, introduce synthetic biology as applied to medicine, and draw connections among synthetic biology and related technologies. Part III will evaluate the existing FDA statutory and regulatory paradigms applicable to synthetic biology, focusing on the three product areas. Part IV will identify gaps in these paradigms, as applied to synthetic biology, and conclude that, while the FDA's authority under the existing statutory framework is adequate to ensure safety of synthetic biology drug products entering the market, regulatory mechanisms should be bolstered to account for the characteristics of these products and to address novel environmental considerations. To address these conclusions, Part IV will also suggest mechanisms to improve existing legal and regulatory frameworks to encompass synthetic biology utilizing a product life-cycle approach, linking suggestions to periods of premarket (including synthesis and clinical investigations), product application submission and review, and post-approval and post-market. Part V will discuss overarching containment issues that arise with synthetic biology, urging that the FDA must grapple with novel problems of containment and adjust environmental assessments accordingly. Part V will also describe and analyze three possible mechanisms to introduce safeguards into the product development process.
II. THE SCIENCE OF SYNTHETIC BIOLOGY
Synthetic biology is modeled after genetics. It is the application of principles of nature in a setting that uses synthetically derived materials.
Humanity?, U.K. DAILY MAIL, June 3, 2010, http://www.dailymail.co.uk/sciencetech/ article-1279988/Artificial-life-created-Craig-Venter--wipe-humanity.html.
7. This article assumes that the definition of "biological product," as currently provided in 42 U.S.C. § 262(i), is inapplicable to microbes modified using synthetic biology. A biological product is defined as a "virus, therapeutic serum, toxin, antitoxin, vaccine, blood, blood component or derivative, allergenic product, protein (except any chemically synthesized polypeptide), or analogous product, or arsphenamine or derivative of arsphenamine (or any other trivalent organic arsenic compound), applicable to the prevention, treatment, or cure of a disease or condition of human beings." 42 U.S.C. § 262(i) (1) (2006 ( & Supp. 2011 ).
In other words, synthetic biology is "the design and construction of new biological parts, devices, and systems that do not exist in the natural world and also the redesign of existing biological systems to perform specific tasks." 8 Delving into the science of synthetic biology involves an understanding of basic genetics and the development and evolution of recombinant deoxyribonucleic acid (rDNA) technology in particular. Two nucleic acids direct heredity and the evolutionary process: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). 9 Sequences of RNA and DNA are essentially the genetic code for all life. They are composed of a 5-carbon sugar (either ribose in RNA or 2-deoxyribose in DNA), a phosphate, and a nucleobase. 10 The nucleobases are adenine (A), guanine (G) , cytosine (C), thymine (T), and uracil (U).
11 RNA and DNA share the bases A, G, and C, and RNA contains U while DNA contains T. 12 In forming the DNA nucleotide, A pairs with T, G pairs with C, and the phosphate and sugar form the backbone of the double helix. 13 In a biological process called transcription, the genetic code of DNA is read by separating chains of DNA into single strands that are then used as a template to make a chain of complementary RNA. The RNA is then translated into linear polypeptide chains of amino acids called proteins, which perform the majority of work within the cell. 14 This process occurs naturally within every cell of the body. The development of rDNA technology introduces foreign genetic material into the natural process. The discovery of rDNA technology is largely attributed to the research of Stanley Cohen and Herbert Boyer. 15 In the early 1970s, Cohen and Boyer discovered that a protein called a restriction enzyme (also termed a restriction endonuclease) could be used to cleave a portion of DNA called a plasmid that resides in a bacterial cell separate from the chromosome. restriction endonuclease digestion, essentially cuts the sugar and phosphate backbone of each side of the double-stranded DNA at a recognized site based on the specific nucleotide sequence. After cutting both strands of the DNA at a specific site, Cohen and Boyen attached foreign DNA material to the cleaved portions of the DNA, creating a novel sequence of DNA consisting of part original DNA and part new DNA. 17 The DNA double helix was effectively cut and "recombined" to create a novel DNA molecule. Cohen and Boyen then introduced the modified DNA back into the bacterial cell where it would subsequently create identical replications of itself each time the cell divided.
18
Synthetic biology allows genetic engineering on a level not previously possible; it is the production of biological life, or essential components of living systems, by synthesis. John Glass, the second author of the Science publication describing JCVI's creation of the first synthetic life form, has referred to synthetic biology as a new way of thinking about doing biology and making things: " [I] 21. JCVI Presentation, supra note 19. During the JCVI presentation, Dr. Glass noted that anything he could type into a computer using A, T, C, and G he could synthesize whether or not it has a biological utility. However, he emphasized that JCVI's policy is not to make anything that has not already existed in nature. Id.
the new techniques as enabling scientists to "re-engineer the genome in a much more logical fashion."
22
Equally important as the chemical synthesis of DNA is the ability to engineer the synthesized DNA sequences to do something useful. For synthetic biology to reach its full potential, it is not enough to be able to synthesize whole genomes; it will also be necessary to program those genomes to perform some desired molecular function. Using single genes as modular units, synthetic biologists are in the process of creating component libraries with standardized functions that can be used for bottom-up design of novel synthetic gene networks or even novel whole genomes. 23 Using these modular gene components, and with inspiration coming from electrical circuits, synthetic gene circuits are becoming increasingly sophisticated. Currently, scientists have engineered gene networks to work as "timers, counters, clocks, logic processors, pattern detectors, and intercellular communication modules."
24
Although in its infancy, the advanced synthesis and engineering techniques of synthetic biology have the potential to significantly impact the field of medicine. Attempts are currently underway to rationally design human and animal therapies in an engineering-like fashion.
25
This synthetic biology approach to medicine involves contemplating living things as being composed of vast biological circuits that can be rewired to interrupt a diseased state. 26 One goal of synthetic biology, as applied to medicine, is to design synthetic gene circuits that can be integrated into a native malfunctioning gene circuit in order to restore the native normal state. 27 In the case of infectious diseases, a synthetic gene network would be engineered to interrupt the normal gene networks of the pathogen.
28
Design of novel biomolecules, gene networks, and programmable organisms are but a few examples of ways in which synthetic biology is currently being used to strike the molecular mechanisms underlying disease. 29 In several areas, synthetic biology is projected to play a critical role in solving problems where traditional biomedical therapies have failed. At present, researchers are attempting The quintessential example of a successful rDNA technology is the development of recombinant human insulin, which has almost entirely replaced insulin derived from animal sources. 32 Cohen and Boyer's groundbreaking work with E.coli in the 1970s ushered in these advancements in insulin production. The recombinant insulin is produced by expressing the human insulin gene in an E.coli bacterium. The recombinant human insulin is expressed in the bacterium and then harvested, purified, and used to treat patients with diabetes. 33 This type of genetic engineering is not very sophisticated compared to synthetic biology; the human insulin gene is simply engineered to be expressed, independent of any other gene. In contrast, a synthetic biology approach to developing a medical therapy would involve engineering multiple genes that work in concert to form a gene circuit. 34 This gene circuit would involve synthetic genes "uploaded" into the synthetic cell as well as native genes of the treated organism. significantly more genetic modification than the simple rDNA expression of a protein.
The second core difference between medical therapies employing synthetic biology and medical therapies employing rDNA techniques lies in the resulting product used as a treatment. Therapies based on rDNA technology are created using a genetically altered organism, but the product ultimately used as the drug is far removed from that organism. Recombinant human insulin is also a useful illustration of the typical rDNA product, where the genetically modified E.coli are used to express the recombinant insulin but are not used in the actual therapy. In contrast, a microbe engineered using synthetic biology techniques would be used as the "drug" itself. 36 The living synthetic organism would be engineered to live, at least temporarily, inside a patient's body in order to employ the engineered gene network and treat the disease.
37
This difference makes the engineering of complicated biological networks possible and allows for the use of whole organisms as drugs. Unfortunately, this difference may also create more uncertainty in the event of exposure to or release into the natural environment.
The use of an engineered living organism as a drug also leads to novel problems such as: (1) the detection or prevention of escape from the host; (2) the potential infection of humans or animals; and (3) the impact on natural ecosystems due to the fact that engineered synthetic organisms have been designed to live inside a human or animal and thus have the potential to multiply and evolve over time. Traditional approaches to developing medicine, however, do not involve the use of a living organism with potential to evolve as a therapy, and therefore do not raise similar concerns. For example, a traditional small molecule drug is by design partly or wholly metabolized by a patient's body and excreted into the environment. Any human or animal exposed to that drug or metabolite would not likely be affected by it because the concentration of the drug would be very low once it is diluted in the environment. In contrast, when a living organism is used as the drug itself, dilution into the environment is irrelevant because it continues to function as an organism rather than being metabolized by the body. A single engineered cell released into the environment could make its way into a third-party human or animal and multiply to a significant population. Theoretically, unintended contact with even a single synthetic microbe could result in that third party receiving a therapeutic dose of the synthetic biology drug. 36 . Id. at 1251. 37. Id.
Notably, these concerns of scale and end product do not apply to products that use current rDNA techniques in the food context. One of these products is the genetically engineered Aquadvantage salmon intended for human food, a developing product that has received recent attention from the press and the FDA. 38 There, the resulting organism, the genetically engineered salmon, is macroscopic; the animal drug introduced into the salmon does not self-replicate, and the drug is not transmittable to anything other than the salmon's offspring.
III. EXISTING FDA PARADIGMS APPLIED TO SYNTHETIC BIOLOGY
Given the characteristics and momentum of synthetic biology research and development for medical applications, it is important to identify areas in which the current FDA framework may be deficient and to suggest possible approaches for the FDA in regulating synthetic biology. This Part details the existing FDA statutory and regulatory paradigms for new drugs, animal drugs, and cosmetics.
39
It will introduce basic statutory and regulatory concepts and will identify areas where existing paradigms may be inadequate for synthetic biology products.
A. Core Challenges
The FDA faces several general challenges in the regulation of any marketed product within its purview given the authority granted to it by Congress. The first challenge concerns the vast amount of products that the FDA is responsible for overseeing and the legal framework dealt to it by statute. The FDA oversees approximately 25 percent of consumer products on the market in the United States. 40 The legal and regulatory framework varies according to the type of product, but an underlying construct is that each area of oversight is characterized by a statutorily defined product rather than a defined process. This definitional aspect is challenging for both the FDA and the regulated industry. The FDA has been repeatedly confronted with new technologies and products that straddle the definitional boundaries provided in the Food, Drug, and Cosmetic Act (FDCA). 41 Commentators argue that the definitional focus of the statutory scheme has caused a "silo effect," forcing rigid compartmentalization where it is often inappropriate. 42 Our depiction of the silo effect in Figure 1 uses buckets to represent the compartmentalization in the context of new drugs, animal drugs, and cosmetics. As with any emerging technology that integrates scientific and technological aspects, these definitional aspects will prove particularly challenging for synthetic biology. As Figure 1 indicates, "drug" is an umbrella term defined in the FDCA. 43 The primary feature of this definition is that the intended use of the product is either to diagnose, cure, mitigate, treat, or prevent disease in man or animal; or to affect the structure or function of the body of man or animal.
44 A "drug" is then subdivided into two categories within the FDCA: a "new drug" 45 and a "new animal drug," 46 which both require a showing of safety and efficacy for product approval. 47 Each of those categories also provides for an abbreviated route to market, often termed a "generic drug" route, requiring a showing of bioequivalence to an existing FDA approved drug rather than requiring full-scale trials for safety and efficacy. 48 There are also drug compositions that are "generally recognized as safe and effective" (GRAS), termed nonprescription or "over-the-counter drugs" (OTC).
49
These compositions generally fall outside the scope of a "new drug" and can enter the market if they adhere to OTC Monographs and accompanying limitations established by the FDA.
50 This article will focus on the "new drug" and "new animal drug" buckets, as these are the routes to market that synthetic biology drugs will travel when they begin to enter the marketplace.
Similar to the drug buckets created in the FDCA, cosmetics are defined by their intended use-to cleanse, beautify, promote attractiveness, or alter appearance. 51 As will be discussed in Part III.B, manufacturer labeling and marketing claims can move a cosmetic into the drug bucket where the intended use explicitly or implicitly drifts into the scope of the drug definition. Although this article will not focus on the regulation of cosmetics, it is useful to identify the relationship between the FDCA definitions and the implications for the industry. 49. This category derives from both the language of the statute (where a new drug is one which "is not generally recognized, among experts qualified by scientific training and experience to evaluate the safety and effectiveness of drugs, as safe and effective for use under the conditions . . The FDA's second general challenge is the spectrum of regulatory authority granted to it by statute, with oversight for the most highly regulated product areas covering clinical trials, pre-market review, and post-market timeframes. An ongoing struggle is how to integrate new or changing information and knowledge about risks and benefits as framed by measurements of safety and efficacy. Despite the expanse of FDA authority over the most highly regulated product areas, there are also significant gaps in containment oversight, including the environmental and public health implications of product manufacturing and disposal. This article will address the challenge by utilizing a modification of the "total product life cycle" approach adopted by the FDA's Center for Devices and Radiological Health to visualize the synthetic biology development cycle. 52 It will identify existing statutory and regulatory provisions at key stages in the cycle. 53 This approach will frame the remainder of this article.
B. Statutory and Regulatory Regimes
The product areas of new human drugs and new animal drugs both flow from the general definition of "drug" as provided in the FDCA. 54 They share core requirements for approval, yet important differences exist in their oversight based on the statute and regulations.
New Human Drugs
Oversight of both human drugs and animal drugs is set forth in Chapter V of the FDCA. 55 A "drug" is defined as: This definition references use in both humans and animals. In contrast, a "new drug" is specific to humans and is defined as: The New Drug Application (NDA) process for human drugs involves the most rigorous review of any FDA-regulated product and is overseen by the Center for Drug Evaluation and Research (CDER). 58 It can take upwards of 15 years and cost over a billion dollars to bring a new drug to market. 59 The touchstone measures of this process are safety and efficacy, but oversight by the FDA spans identification, synthesis, and purification of an active pharmacological ingredient; pre-clinical and animal testing; clinical trials; manufacturing processes; review of the product for final approval; and post-market performance. 60 New human drugs must satisfy safety, efficacy, and manufacturing standards, among other substantive requirements. 61 Applicants must progress through key stages in the approval process including an Investigational New Drug application (IND) based on animal studies and three core stages of clinical trials, culminating in an NDA. 62 Although outside the scope of this article, the FDCA generic drug approval process provides an Abbreviated New Drug Application (ANDA) process, also termed generic approval. 63 The ANDA process combines patent term extension and data exclusivity provisions with authorization for FDA to approve generic versions of already approved pioneer drugs. 64 An ANDA does not generally require preclinical and clinical data to establish safety and efficacy but must demonstrate that the product is "bioequivalent" and performs in the same manner as the 57. 21 U.S.C. § 321(p) (1) pioneer drug in terms of active ingredient, dosage and route of administration, and strength and conditions of use.
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For both human and animal drugs, the FDA has the authority to withdraw an approved application after notice and opportunity for a hearing. 66 Findings that generally support withdrawal in both contexts include: failure to maintain records; violations of good manufacturing practices; violations of labeling requirements and limitations; experience, scientific data, or new evidence showing that the drug is unsafe or that it has not been shown to be safe for use under the conditions of use; new information showing a lack of substantial evidence of efficacy; or a showing of an imminent hazard to health of man or animal (in such case the withdrawal of approval is available immediately).
67
Increasing concern about the failure to assure that industry fulfills post-approval commitments led to the Food and Drug Administration Amendments Act of 2007 (FDAAA). 68 Before 2007, the FDA relied on two statutory provisions broadly dealing with maintenance of records and reports as a basis for requests for post-approval nonclinical or clinical studies (aside from those required under the accelerated approval regulations). 69 The FDAAA now explicitly provides the FDA with the authority to require post-approval studies for human drugs; moreover, the FDA can now rely on new provisions regarding Risk Evaluation and Mitigation Strategies (REMS) and new safety information to require further studies and assessment for safety and efficacy. 70 REMS come in many forms: they can require a Medication Guide for patients, prescription physician information, implementation plans, communications to health care providers and pharmacies, and various limitations on labeling, promotion, and prescribing to assure safe use. violations, which are deemed to be misbranding and carry additional civil money penalties for violations. 72 
New Animal Drugs
The new animal drug provisions are contained in the FDCA, Chapter V, Subchapters A and F.
73 A "new animal drug" is defined as:
any drug intended for use for animals other than man, including any drug intended for use in animal feed but not including such animal feed-(1) the composition of which is such that such drug is not generally recognized, among experts qualified by scientific training and experience to evaluate the safety and effectiveness of animal drugs, as safe and effective for use under the conditions prescribed, recommended, or suggested in the labeling thereof; except that such a drug not so recognized shall not be deemed to be a "new animal drug" if at any time prior to June 25, 1938, it was subject to the Food and Drug Act of June 30, 1906, as amended, and if at such time its labeling contained the same representations concerning the conditions of its use; or (2) the composition of which is such that such drug, as a result of investigations to determine its safety and effectiveness for use under such conditions, has become so recognized but which has not, otherwise than in such investigations, been used to a material extent or for a material time under such conditions.
74
New animal drugs are also termed veterinary drugs when they are used to diagnose, cure, mitigate, treat, or prevent disease in nonfood-producing animals.
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There are many similarities between the NDA process and approval of a new animal drug, with the animal approval process termed the New Animal Drug Application (NADA) 76 and the generic process termed the Abbreviated New Animal Drug Application (ANADA). 77 Despite the similarities in approval processes, there are nuances in the measures for safety and efficacy, as well as in the scope and application of supporting regulations. One important difference between the human and animal drug approval process is that new animal drugs are generally exempt from an investigational new animal drug filing prior to initiating clinical investigations in animals. 78 Another difference is that the post-market authority granted by statute is not as extensive for animal drugs. 79 For example, the FDAAA amendments apply only to new human drugs, not animal drugs. The FDA monitors products once they enter the marketmainly through manufacturing, labeling, and adverse event requirements to assure ongoing safety and efficacy-and maintains the ability to withdraw products from the market, as discussed in Part IV.
With respect to the ongoing controversy over genetically engineered foods, the FDCA position is that, once an NADA or ANADA is approved and effective, a food bearing or containing that rDNA drug is not considered adulterated if used in accordance with the conditions and indications approved by the FDA.
80
The FDA guidance document entitled Guidance for Industry 187:
Regulation of Genetically Engineered Animals Containing Heritable Recombinant DNA Constructs provides:
An rDNA construct that is in a GE animal and is intended to affect the animal's structure or function meets the definition of an animal drug, whether the animal is intended for food, or used to produce another substance. Developers of these animals must demonstrate that the construct and any new products expressed from the inserted construct are safe for the health of the GE animal and, if they are food animals, for food consumption. 81 Thus, the FDA will approve two articles when the product is a food that humans will consume: (1) the construct as an animal drug and (2) the food containing that construct as a food safe for human consumption.
Once such a determination is made regarding approval of an rDNA food product, the FDA must amend the animal drug regulations to reflect particular products. 82 One example that has recently been approved and for which specific regulations have been developed is rDNA products in goat milk: To date, the Bc6 rDNA construct regulation is the sole entry in the C.F.R. section relating to new animal drugs in genetically engineered animals.
Cosmetics
Cosmetics are the least regulated product category that the FDA oversees. In fact, the cosmetic provisions span only three sections in the FDCA, with additional provisions regarding certification for color additives also applicable to certain products. 84 The term "cosmetic" is defined as:
(1) articles intended to be rubbed, poured, sprinkled, or sprayed on, introduced into, or otherwise applied to the human body or any part thereof for cleansing, beautifying, promoting attractiveness, or altering the appearance, and (2) articles intended for use as a component of any such articles; except that such term shall not include soap. there is no premarket approval required for cosmetic ingredients, there are premarket approval requirements if the cosmetic product contains a color additive ingredient that has not been listed by the FDA for a specific use in cosmetics. 86 A "color additive" is defined as: a material which-(A) is a dye, pigment, or other substance made by a process of synthesis or similar artifice, or extracted, isolated, or otherwise derived, with or without intermediate or final chance of identity, from a vegetable, animal, mineral or other source, and (B) when added or applied to a food, drug, or cosmetic, or to the human body or any part thereof, is capable (alone or through reaction with other substance) of imparting color thereto; except that such term does not include any material which the Secretary, by regulation, determines is used (or is intended to be used) solely for a purpose or purposes other than coloring.
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Cosmetic regulation also involves the interplay between the FDCA and the Fair Packaging and Labeling Act.
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Regulations specific to cosmetics promulgated by the FDA include labeling requirements 89 and warning statements where there is no adequate substantiation of safety.
90
All basic cosmetic labels include a statement of identity, net contents, ingredients, and any required warnings. 91 There are no cosmetic good manufacturing practices as in other FDA regulated areas, although the FDA has provided guidance to the industry. 92 Nevertheless, a cosmetic product will be subject to the drug approval requirements if it ventures into the realm of a "drug" given the marketing and advertising claims promoted by the manufacturer. Unlike foods, no parenthetical applies to cosmetics in the statutory definition of "drug" providing an exemption for products making structure or function claims; a cosmetic can be classified as a drug if claims are made that the product affects the structure or function of the human body, even if it is a non-therapeutic product. improve health or treat a health or disease-related condition likewise trigger regulation as a drug. Even absent manufacturer claims, a product with a drug or drug-like intended use will be regulated as a drug. The FDA has struggled with the line between a drug and a cosmetic for decades, as reflected in a litany of Warning Letters to industry 94 and in informational materials located on the FDA's website. 95 Perhaps stemming from awareness that the line between drug and cosmetic is increasingly blurry, the cosmetic industry has recently pledged support for a federal bill enhancing the FDA's regulatory power over cosmetics. 96 The regulatory distinction between a drug and a cosmetic is worth examining in the context of synthetic biology products touted as cosmetics, as these products are already in research and development. For example, two European companies have collaborated to manufacture and market cosmetic ingredients using industrial synthetic biology techniques to engineer substitutes for squalane, a skin emollient.
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Because of its moisturizing and protective capabilities, coupled with quick penetration into the skin, squalane has widely been used in skin creams and a variety of other cosmetics. 98 However, squalane is traditionally derived either from olive oil, which suffers from extreme price fluctuation and availability, or from the liver oil of deep sea sharks, which is highly controversial. 99 The corporate self-proclaimed allure of synthetic squalane is that it will be derived from plant sugars to design yeast, which, in turn, will produce a "renewable" and "sustainable" product. 100 
See Warning Letters Address Drug Claims Made for Products Marketed as

C. A Life-Cycle Approach
FDA oversight typically begins well after a chemical composition has been synthesized and identified in the laboratory setting. To visualize the chronology and application of existing statutes and regulation, Figure 2 depicts a life-cycle approach to synthetic biology development, beginning with initial laboratory investigations guided mainly by the National Institutes of Health Guidelines for Research Involving Recombinant DNA Molecules ("NIH Guidelines"). 101 The NIH Guidelines specify construction and handling practices for rDNA molecules and organisms, and for viruses that contain rDNA molecules.
102
The NIH Guidelines define rDNA molecules as either "molecules that are constructed outside living cells by joining natural or synthetic DNA segments to DNA molecules that can replicate in a living cell" or "molecules that result from the replication of [aforementioned molecules]." 103 The NIH Guidelines further state:
Synthetic DNA segments which are likely to yield a potentially harmful polynucleotide or polypeptide (e.g., a toxin or a pharmacologically active agent) are considered as equivalent to their natural DNA counterpart. If the synthetic DNA segment is not expressed in vivo as a biologically active polynucleotide or polypeptide product, it is exempt from the NIH Guidelines.
104
The NIH Recombinant Advisory Committee Biosafety Working group has criticized this definition as deficient, as it does not capture synthetic biology using DNA derived exclusively by synthetic methods that is not joined to natural DNA. 105 To remedy this deficiency, they proposed revisions to the NIH Guidelines that would apply to all synthetic nucleic acids, including those made solely by synthetic means. 106 Figure 2 signals that FDA oversight technically begins at the initiation of clinical investigations in animals or human clinical trials when an FDA approved product is contemplated. However, unless and until the FDA is notified or becomes aware of research involving clinical trials, researchers may illegally circumvent the regulatory process by failing to seek FDA approval before initiating these trials. Additionally, any experimental testing on microbes in an uncontained setting (outside the lab) prior to clinical trials are outside the scope of the NIH Guidelines and the FDA's regulatory reach. considerations arise throughout these three core phases. These core phases will inform the discussion of the regulatory landscape in Part IV. The NEPA considerations will be addressed as overarching containment considerations in Part V.
IV. ENHANCING THE REGULATORY LANDSCAPE
In light of the differences between synthetic biology and rDNA technology, are existing regulatory mechanisms sufficient or is a new regulatory approach necessary? Similar questions have been waged in the context of other FDA-regulated products. For example, opponents of genetically engineered plants produced for human food have urged for decades that the FDA and U.S. Department of Agriculture's (USDA) approach under the Coordinated Framework for the Regulation of Biotechnology 111 is not enough to protect consumers from the potential harms of genetically engineered plant varieties. 112 However, the FDA maintains that its approach is adequate and that the process of genetic modification in and of itself does not inherently raise novel safety issues.
113 Should the same reasoning apply to synthetic biology? Based on the two core differences between rDNA and synthetic biology discussed in Part II, this article proposes some suggestions across the three core phases in the synthetic biology life-cycle for human and animal drugs. Suggestions will be addressed in relation to the three core phases: (1) human clinical trials and clinical investigations in animals (i.e., the IND or INAD); (2) submission of product application and FDA review of the NDA or NADA; and (3) post-approval and postmarket. Although the FDA has the necessary tools in its drug regulatory toolkit to address many of the novel issues with synthetic biology, there may be administrative hurdles resulting from synthetic biology-specific issues. Containment considerations will also prove complex.
A. Human Clinical Trials and Clinical Investigations in Animals
The general procedures for new drug and new animal drug approval are relatively similar despite some differences in manufacturing, distribution, and administration. 114 The IND officially initiates clinical trials for human drugs; as mentioned earlier, most animal clinical trials 113. The FDA holds the position that, unless the plant were to fall into the category of a "food additive," it is not generally regarded as safe for use in food; genetically engineered plant products would be regulated as food and subject to existing law and regulations. Similar arguments have been set forth for genetically engineered animals for human food, most prominently the Aquadvantage salmon. The FDA likewise responded with a reiteration of existing law and regulations: the genetically engineered salmon were to be regulated as food also subject to the new animal drug requirements. See FDA BRIEFING PACKET, supra note 38.
114. PETER B. HUTT ET AL., supra note 49, at 838.
supporting an NADA can proceed after submission of an application of exemption for investigation. Based on the novelty of the technique and potential concerns regarding inadvertent release and exposure discussed in Part V, the FDA should assess whether this is appropriate for a microbe modified using synthetic biology or whether an INAD should be required to initiate animal clinical testing. The investigational provisions function to provide drug sponsors with the ability to transport the investigational new drug to trial centers and to lay out the test protocol. The information gathered during trials will serve as the basis of the NDA or NADA.
As drug sponsors begin to contemplate research and development in synthetic biology, any guidance from the FDA will be useful. The drug approval process, whether for a new human drug or new animal drug, is both extensive and costly. Advance thinking on the applicability of existing regulatory frameworks, and the types and format of any additional (or different) synthetic biology requirements and considerations, will assist in the structure of clinical trials, methods of data collection, reporting, communications to the FDA, and eventual submission of an NDA or NADA. For example, the FDA recently published draft guidance for industry regarding nanotechnology.
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Although extremely general, it provides a number of considerations for industry throughout the research and development process. 116 A similar document could be developed for synthetic biology; as the interface of nanotechnology and biology (an area termed nanobiotechnology) overlap with synthetic biology, the nanotechnology guidance could alternatively or simultaneously be supplemented to include synthetic biology.
Another broad suggestion is that the FDA examine the application of NEPA to products of synthetic biology. NEPA mandates that all federal agencies assess the environmental impacts of their actions "significantly affect[ing] the quality of the human environment." 117 The approval of a drug application qualifies as a federal action under NEPA. NEPA provides for categorical exclusions (CE) of actions deemed to "not significantly affect the quality of the human environment" that are exempt from preparation of an environmental assessment (EA) and environmental impact statement (EIS).
118 Through regulation, the FDA has created CEs for various product types. 119 These exclusions are wideranging, with separate regulations applicable to human drugs and biologics; 120 foods, food additives, and color additives; 121 animal drugs; 122 and medical devices. 123 Most human drugs qualify for a CE where an NDA, ANDA, or supplement does not increase the use of the active moiety; if it does increase the use of the active moiety, but the estimated concentration of the substance into the aquatic environment is below 1 part per billion; or where the substance occurs naturally in the environment and will not alter significantly the concentration or distribution of the substance, its metabolites, or degradation products in the environment. 124 Unless one of the CEs apply, or "extraordinary circumstances indicate that the specific proposed action may significantly affect the quality of the human environment" for a particular product-despite technical adherence to a CE 125 -sponsors must submit an EA. 126 After reviewing the EA, the FDA must issue either an EIS, detailing the impact on the environment coupled with alternative approaches and mitigation strategies developed with the applicant, or issue a finding of no significant impact (FONSI), negating the need for an EIS. The FDA has issued guidance documents clarifying the EA process for human drugs and biologics applications, 127 as well as one for genetically engineered animals that contain heritable rDNA constructs. 128 The rDNA guidance document specifically acknowledges that "at least until we have more experience, most GE animal applications would have to be evaluated to determine whether such an application individually or cumulatively affects the environment (i.e., whether an extraordinary circumstance exists)."
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The FDA should clarify if synthetic biology products are excluded or subject to an EA (or full EIS) at the IND and NDA or NADA stage. This clarification entails categorization of the types of synthetic biology processes contemplated for use in human and animal drugs both currently and in the near future.
Other federal agencies have begun to address similar issues regarding the scope of existing regulations as applied to synthetic biology. Notably, the Office of the General Counsel for the U.S. Department of Energy recently published a Final Rule in the Federal Register, effective November 14, 2011, which revises its NEPA implementing procedures.
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The revisions focus on the categorical exclusions to NEPA and add a new "integral element" applicable to the categorical exclusions in its Appendix B. 131 The new language reads:
The classes of actions listed below include the following conditions as integral elements of the classes of actions. To fit within the classes of actions listed below, a proposal must be one that would not: . . . (5) Involve genetically engineered organisms, synthetic biology, governmentally designated noxious weeds, or invasive species, unless the proposed activity would be contained or confined in a manner designed and operated to prevent unauthorized release into the environment and conducted in accordance with applicable requirements, such as those of the Department of Agriculture, the Environmental Protection Agency, and the National Institutes of Health.
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In addition to reassessing its NEPA exclusions, the FDA should also integrate appropriate safeguards into its Good Laboratory Practices, Good Clinical Practices, and Good Manufacturing Practices that span research, development, and market entry of synthetic biology products 133 and various guidance documents relating to those topics. Any additional requirements for synthetic biology would necessarily tie into the NEPA considerations as well in terms of production, containment, monitoring, and recordkeeping.
For new human drugs, the FDA should also assess whether the informed consent mechanisms built into the regulations adequately protect human subjects in clinical trials. 134 Should human subjects be informed of novel issues prior to enrolling in a trial? Are there additional measures to report as clinical data? Should longitudinal aspects be built into the clinical trial protocol to capture whether the synthetic biology product has unintended long-term consequences on the body? Recent bioethics literature advises that these issues should not be taken lightly and that the informed consent process may need to be tailored to the technology involved. 135 
B. NDA or NADA Review by FDA
The NDA or NADA is the application to the FDA consisting of the cumulative data and other requisite information gleaned from the human or animal clinical trials. In addition to the data supporting safety and efficacy, the application will also include labeling aspects, manufacturing assurances, and various other elements. 136 The FDA should contemplate how to link adherence to any relevant guidelines-including the NIH Guidelines 137 and Recombinant DNA Advisory Committee assessments 138 -to the information provided in the application. The FDA should also consider whether any synthetic biologyspecific information should be required at this stage. Similar to the internal policy developed for nanotechnology drugs, 139 the FDA's Center for Drug Evaluation and Research could implement a manual of policy and procedures (MaPP) to gather and track specific information regarding synthetic biology products. The nanotechnology MaPP, published in May 2010, instructs drug reviewers to capture "relevant information about nanomaterial-containing drugs" that will be entered into a nanotechnology database and tracked post-market. 140 However, one weakness in the existing nanotechnology MaPP is that drug reviewers bear the initial data collection burden rather than the industry; the FDA should consider putting the burden on industry to generate this information for the NDA or NADA.
As for labeling of both human drug and animal drug products, the FDA will need to determine whether the labeling should reflect the synthetic biology aspects of the product, including warnings to prescribing physicians and veterinarians or consumers. This harkens back to advocacy for mandatory labeling of genetically engineered foods. However, in the context of new human drugs and animal drugs, the role of adequate warnings and adequate directions for use as required by the FDCA and implementing regulations may dictate more urgency in mandatory labeling of particular aspects of the products. In order to answer these and other questions, the FDA should create a synthetic biology advisory committee to assist with review and categorization of synthetic biology products. Given the current state of synthetic biology drug research, the FDA might have limited time to evaluate these questions proactively as the science develops. This labeling issue dovetails into the discussion of the utilization of REMS.
The FDA can obligate the sponsor to provide a REMS as a requirement for approval of a new human drug. 141 Amendments to the FDCA provide the FDA with expanded authority to require additional safeguards for particular products upon review. The FDA has already implemented REMS for several new NDAs and prior-approved NDAs. 142 These REMS can be drug-class specific, or applicable to an individual NDA. For example, the FDA has developed universal REMS for all opioid drug products. 143 In addition to the forms of REMS described above, a synthetic biology REMS could integrate assessments of environmental impact of exposure and disposal under their authority to assure safe use, even if NEPA does not require an EA. For example, a REMS might require some type of self-destruct mechanism to be incorporated into synthetic biology drug products, which could take the form of a "kill switch" that activates when excreted or expelled from the human body. 144 However, REMS provisions contained within the recently enacted legislation do not apply to animal drugs and NADAs; mechanisms are more limited for the FDA in that context, largely consisting of adverse event reporting and required information about labeling or manufacturing changes.
C. Post-Approval and Post-Market
The FDA maintains traditional post-approval authority for withdrawal of an approved NDA or NADA. 145 When evidence or data accumulates suggesting safety or efficacy issues with an approved synthetic biology product, the FDA can act to remove the product approval using this existing authority subject to the notice and opportunity for hearing requirements.
146 Regular reporting requirements for the manufacturer, as well as targeted adverse reports by manufacturers, consumers, and physicians and veterinarians, will also serve to flag problems arising with synthetic biology products.
When the FDA identifies a potential problem with regard to a human drug product either at the application phase or earlier, the 2007 amendments to the FDCA grant the FDA the authority to require a REMS at the time of the initial NDA review or as a requirement added to an already-approved NDA.
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In addition to requiring a REMS, the recently enacted legislation provides the FDA with the power to require additional clinical trials and other follow-up studies, as well as the obligation for manufacturers to integrate "new safety information" that arises into the label.
148 These provisions bolster the FDA's post-market power, expanding what used to be termed "Phase IV" requirements.
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All of these provisions will be critical to the FDA with regard to new drugs developed using synthetic biology. As discussed above, these new provisions do not account for environmental safety or containment concerns, nor do they apply to NADAs. Part V specifically highlights the unique containment concerns raised by synthetic biology.
V. OVERARCHING CONTAINMENT CONSIDERATIONS
Questions about containment of synthetic biology products are perhaps the most pressing for regulatory purposes. It is currently unknown how synthetic organisms will interact with the environment or what effect, if any, they will have on humans or animals who are either purposefully or inadvertently exposed. The FDA should expend the most time and resources supporting external research and developing policy in this area. Due to the life-cycle trajectory of these products, containment considerations will be a collaborative effort on behalf of the FDA and various other federal agencies, including the Environmental Protection Agency and the USDA. As discussed in Parts III and IV, new human drugs and animal drugs are largely exempt from NEPA requirements. The question going forward is whether this exemption should hold true for products utilizing synthetic biology. At minimum, the authors urge that spread-prevention mechanisms be required as a research, development, and manufacturing aspect of synthetic biology.
To assess the range of overarching containment considerations applicable to synthetic biology products envisioned for medical use, the authors use the example of development of an engineered E.coli capable of interrupting the normal inter-cellular signaling of the Cholera pathogen V.cholerae to prevent secretion of the Cholera toxin in the gut. 150 This example is a near-term potential application of synthetic biology. The resulting synthetic organism would be used to treat cholera by introduction into an affected human or animal where it would live alongside the naturally occurring gut bacteria until excreted from the body. Figure 3 illustrates the chain of environmental release and exposure throughout the production, testing, and eventual introduction of the synthetic biology E.coli product. The solid black lines in Figure 3 illustrate intentional actions of the synthetic biology drug sponsor in the production, development, disposal, and marketing of the product; the dotted black lines illustrate the unintentional, yet causal, result of the sponsor activity on environmental release and exposure. For this example, the synthetic organism would be released into the environment in various ways from the beginning of any human or animal trials. That is the case unless great lengths are taken to completely isolate the humans or animals involved. Thus, disposal issues would arise early on in the IND and NDA process and continue throughout the life of the developing product.
Without research, it is difficult to predict what impact the multiple routes of exposure and release of the synthetic E.coli would have on exposed humans and the environment. To ameliorate potential harms, various mechanisms have been proposed to prevent the spread of synthetic organisms outside the laboratory. These proposed mechanisms include modification of the genetic material of the synthetic organisms to reduce its ability to survive in the natural environment. These mechanisms could be required during the earliest stages of synthetic organism development, long before the synthetic organism is introduced to humans or animals as clinical treatment.
151 Figure 3 illustrates this phase in the life cycle chain of the product with a bold box labeled "Laboratory Development/Production." However, the clinical efficacy of a synthetic organism depends on some level of robustness, which may exacerbate environmental concerns. This tension between robustness and efficacy cannot be accurately assessed without experimentation. It may be possible to design control mechanisms in such a way that they do not significantly impact the intended therapy's efficacy. As a practical matter, these mechanisms would require the creation of a completely new microbe, and it is unclear whether the FDA has or would ever require broad limitations to the platform used for a technology from the outset. As discussed earlier, the FDA generally regulates products rather than processes.
The spread-prevention mechanisms that could be built into this phase to address containment concerns can be broadly classified into three groups: (1) engineered organisms that have reduced viability in the natural environment; (2) engineered organisms that self-destruct; and (3) engineered organisms that cannot transfer genetic material to or from natural organisms. Each of these mechanisms could be used in isolation or combination with one another and would address potential harm to the environment, third-party humans, and animals that are unintentionally exposed. 152 Similar mechanisms have been examined for genetically engineered organisms.
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A. Reduced-Viability Mechanisms
Reduced-viability mechanisms would be applicable to minimize the environmental impact of the hypothetical engineered E.coli from Figure  3 . This mechanism would involve engineering the synthetic E.coli so that it is dependent upon an exogenous supply of a nutrient that does not occur in food chains or natural habitats. 154 The population of the engineered organism introduced into the gut of a person would be limited by the amount of nutrient supplied. Upon release of the synthetic organism into the environment through any of the intentional or unintentional routes seen in Figure 3 , the engineered E.coli would be deprived of the required nutrient and would eventually die.
Notably, engineering a bacterium that uses a reduced viability control mechanism would require re-wiring several biological pathways in the cell. At present, scientists may not have the ability to create such a synthetic organism, so this approach is forward-looking. Moreover, with the amount of re-wiring that would be required, it is not practical to use standard recombinant DNA techniques.
Thus, this method of containment may only be available for synthetic biology.
B. Self-Destruct Mechanisms
Another way to minimize the environmental impact of the hypothetical engineered E.coli is to control its population by incorporating self-destruct mechanisms into the organism's genome. 155 Based on scientists' current understanding of bacterial population control genes, it may be possible to create an engineered microbe drug that incorporates a self-destruct mechanism using standard recombinant DNA techniques. For example, the synthetic E.coli's innate population sensing genes could be re-wired to result in cell death after reaching a certain population density. Alternatively, a gene circuit could be employed that triggers a self-destruct mechanism after a pre-determined number of cell divisions. These mechanisms would not necessarily prevent the spread of the synthetic organisms in the environment, but would place a ceiling on the potential population. However, this technique would also limit the population density of the synthetic organism in the gut, thus potentially reducing its clinical effects.
C. Preventing Genetic Transfer
The transference of genetic material among and between cells is a common phenomenon, especially among bacteria. As seen in Figure 3 , our hypothetical E.coli microbe drug would have the opportunity to interact with naturally occurring microbes in the environment. This opportunity for interaction between microbes could result in a hazardous trait being conferred to a naturally occurring organism or the synthetic E.coli circumventing the engineered control mechanisms intended to contain its spread. In either case, steps can be taken to prevent gene transfer. One possible method consists of re-writing the gene codons, which are naturally used for translating mRNA to protein.
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This method would involve a completely re-written genome and changes to 155. Ball, supra note 152. 156. Marliere, supra note 152, at 82. some native biomolecules, such as tRNAs, and their associated proteins. 157 The re-written gene codons of the synthetic organism would be incompatible with those of naturally occurring organisms and, therefore, any genetic transfers that take place would not likely confer any useful sequence.
Safety mechanisms preventing genetic transfers are forward-looking because they would require completely re-writing a genome and engineering several biomolecules. Thus, it is not possible to use this method with current recombinant DNA techniques. This method delves purely in the realm of synthetic biology.
Alternatively, a simpler approach to prevent gene transfer might involve removing genetic sequences known to move around easily. Scientists have identified several of these "transposable elements"
158 and could easily remove them using standard recombinant DNA techniques. However, scientists might not know of all the transposable elements; thus, gene transfer would still occur between the synthetic organism and natural organisms. Furthermore, the transposable elements of native microorganisms would remain present and transferable to the synthetic microbe. Thus, this strategy is likely possible using rDNA methods, but it is far from ideal.
VI. CONCLUSION
Synthetic biology is inevitably making its way into medical care and medical products. Using a life cycle approach, this article examined the statutory and regulatory framework for human drugs, animal drugs, and cosmetics, and assessed the application of that framework to emerging synthetic biology developments. This article identified potential gaps in regulation and suggested mechanisms for the FDA to address these gaps in its regulatory paradigm to assure that future new drug and new animal drug products developed using synthetic biology are appropriately assessed and ushered into the market. The suggestions track the spectrum of animal clinical investigations and human clinical trials, submission of product application and FDA review, post-approval and post-market, and overarching containment considerations.
This article concludes that the FDA regulatory framework is capable of capturing the research and development, clinical trial, review and approval, and post-market approval periods for synthetic biologybased new human and animal drugs. However, self-regulation in the realm of cosmetics is troublesome because the FDA struggles to enforce the fine line between drugs and cosmetics. Perhaps most critical for the 157. Id. 158. Church, supra note 152. regulatory landscape for synthetic biology products is that environmental and containment safeguards, as with most FDA regulated products, are almost nonexistent. Given the nature and characteristics of synthetic biology, the establishment of adequate containment safeguards needs to be considered. The discretion and authority to act is largely present in general NEPA provisions, though the FDA must exercise that authority via rulemaking and implementation of clear and consistent policies.
